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ABSTRACT 
Trends of the probability distribution fiinction (PDF) of the Global Precipitation 
Climatology Project (GPCP) pentad rainfall over the tropics are analyzed separately 
over land and ocean for the period 1979-2007. Linear trend analyses show that over 
the ocean, there are significant increases in the heavy rain and light rain (drizzle) 
categories while a decrease is observed in moderate rain, consistent with the trends 
found in the global tropics. However, over land, light rain shows a significant 
decrease, which is opposite to that over the ocean. Rainfall occurs more frequently 
over tropical sea, while increasing occurrence of drought and heavy rain are found 
over tropical land. 
The rain rate PDFs are further analyzed based on the amount of aerosol as indicated 
by the Aerosol Optical Depth (AOD) retrieved from the Moderate Resolution 
Imaging SpectroRadiometer (MODIS). The 29-year averages of light rain and 
heavy rain decrease with AOD interval. Light rain and heavy rain both give positive 
trends for all AOD categories but with decreasing magnitude. For regions with 
AOD > 0.5，heavy rain has the largest linear trend. Highly polluted areas experience 
less occurrence of rainfall, as evidenced by the increasing rainless occurrence in 
high AOD areas. The results suggest the suppression of light rain by aerosols in 
highly polluted areas and the invigoration of intense rain by aerosols. 
Specific case studies are carried out in the southeast China, northern India and the 
Sahara desert. For both southeast China and northern India, heavy rain occurs more 
frequently over the past 29 years. The total rainfall over the Saharan area shows a 
significant decrease over the past 29 years. Rainfall occurs less frequently for all 
rain rate bin values over the past 29 years with the fractional decrease up to 85%. 
The huge negative trends in the first few rain rate bins are responsible for the 
decrease in light rain over the whole land area. 
Scaling behaviour of aerosols and rainfall are studied in southeast China and 
northern India. For southeast China, both rainfall and AOD show long-range 
persistence in short time intervals ranging from 5 days to about 90 days. For longer 
time intervals (> 90 days), however, they have no long-range persistence. For 
northern India, neither rainfall nor AOD show long-range persistence at the longer 
timescales and their behaviour at shorter timescales are not consistent at all. Scaling 
exponents are different for different regions, implying the existence of different 
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CHAPTER 1: INTRODUCTION 
In the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment 
Report, observations of climate change are summarized and projections for wanning 
scenarios are made for both global and regional climate. Significant increases in 
precipitation have been observed in eastern parts of North America and South 
America, northern Europe and northern and central Asia. Drying has been observed 
in the Sahel, the Mediterranean, southern Africa and parts of southern Asia. Current 
model simulations reveal that precipitation is projected to increase under a wanner 
climate, as a consequence of a general intensification of the global hydrological 
cycle. The frequency of precipitation extremes has increased over most land areas 
in the middle latitudes, consistent with a warming climate and observed increases of 
water vapor in the atmosphere. Precipitation intensity is projected to increase in 
many land regions, even in areas where a reduction in total precipitation amount 
occurs (IPCC, 2007). 
Tropospheric aerosols have several effects on climate. They interact directly with 
radiation, and have indirect effects on climate by altering cloud characteristics. 
Aerosols can alter the vertical profile of latent heat release, which can influence 
atmospheric motions (Khain et al., 2005). Acting as cloud condensation nuclei 
(CCN), aerosols can either enhance or diminish rainfall formation efficiency 
depending on the state of the atmosphere. Simulations by a two-dimensional 
spectral microphysics cloud model showed that an increase in the concentration of 
CCN largely decreases precipitation from clouds developed under unstable dry 
continental conditions, while precipitation is enhanced under wet air conditions with 
an increasing aerosol concentration in the areas of high instability (Khain et al., 
2005). 
While there is a well-documented rapid rise in global temperature in the last century, 
no clear evidence of long-term change in global precipitation is documented. 
Moreover, aerosol effect on precipitation change has been a protracted controversy 
as shown by many studies. Zhang et al. (2005) and Seifert and Beheng (2005) 
showed that more precipitation occurred in polluted clouds and multicell cloud 
systems, respectively. On the contrary, aerosols from urban and industrial air 
pollution were found to suppress precipitation (Rosenfeld and Lensky, 1998; 
Rosenfeld, 2000; Rosenfeld et al., 2002). Cloud resolving model simulations by 
Phillips et al. (2002) revealed that precipitation efficiency decreased with increasing 
atmospheric concentrations of CCN. Nober et al. (2003) found that large 
instantaneous local aerosol forcings reduced warm phase precipitation. Khain et al. 
(2004) showed that an increase in aerosol concentration decreases precipitation from 
single clouds both under continental and maritime conditions. The controversy 
remains to be solved. 
In analyzing climate change, it is important to examine the extremes in addition to 
the means. Lau and Wu (2007) examined rainfall probability distribution functions 
(PDF) from the Global Precipitation Climatology Project (GPCP) and found 
significant shifts in tropical rainfall PDF from 1979 to 2003, featuring a positive 
trend for light rain and heavy rain events and a negative trend for moderate rain 
events, while the trend for the average rainfall in the tropics is relatively small. 
Examining rainfall characteristics is probably a good way to study the impact of 
aerosols on climate change, as aerosols affect not only the net precipitation amount 
but also the cloud properties. With an increase in aerosol concentration, more CCN 
are available and the corresponding cloud lifetime effect can suppress the formation 
of drizzle drops (Khain et al., 2004). Some previous findings revealed that high 
aerosol concentration could lead to the suppression of warm rain, thus led to a delay 
in precipitation onset. The lifetime of cloud droplets increases. It invigorates 
convection and fosters the formation of ice precipitation, causing intense 
thunderstorms and large hail (Andreae et al.，2004; Van den Heever and Cotton, 
2004). 
We focus on the tropics as the majority of the global precipitation occurs in the 
tropics. As the aerosol concentration over land is much higher than that over sea, 
the tropical rainfall characteristics over land are probably different from that over 
sea. Thus, the homogeneity of tropical rainfall characteristics over land and over sea 
will be studied. The impact of aerosols on tropical rainfall characteristics will be 
further examined, as the spatial distribution of aerosols varies substantially over the 
tropical land area. Thus it may be worth studying the rainfall characteristics under 
various aerosol concentrations. 
The rainfall record of the Hong Kong Observatory is examined to see if any change 
in rainfall characteristics can be found in local region. Table 1-1 shows the year of 
maximum hourly rainfall observed for each month recorded by the Hong Kong 
Observatory. Four out of twelve months show maximum hourly rainfall occurred 
during the past 10 years (see Table 1-1). This suggests but does not prove that 
rainfall extremes are becoming more pronounced in Hong Kong. It is likely that 















TABLE 1-1. Year of occurrence of maximum hourly rainfall in Hong Kong. 
Chapter 2 presents the background of this research and includes literature review on 
tropical rainfall and aerosol-rainfall interactions. Analysis of tropical rainfall 
characteristics over land and over sea is presented in Chapter 3. The relation 
between aerosols and tropical rainfall characteristics is presented in Chapter 4. The 
results are summarized and limitations are discussed in Chapter 5. 
CHAPTER 2: BACKGROUND 
2.1 Tropical Rainfall 
Satellite-bome Special Sensor Microwave/Imager (SSM/I) measurements of water 
vapour since 1988 show a significant positive trend in columnar precipitable water 
over the global oceans (Trenberth et al.，2005). The increase due to a warmer 
climate can be explained by the Clausius-Clapeyron equation (Trenberth et al., 
2005). From the equation, saturation vapour pressure P increases with temperature. 
The Clausius-Clapeyron equation is as follows: 
H (2.1) 
dT TAV 
where L is the latent heat, T is the temperature and AFis the volume change of the 
phase transition. 
The IPCC Fourth Assessment Report concluded that "it is extremely unlikely that 
recent global wanning is due to internal variability alone". Nearly universal 
warming has been observed in the past few decades. None of the modes of internal 
variability that we know, e.g. El Nino, can lead to such a widespread warming 
nature. Although modes of internal variability such as El Nino can lead to global 
average wanning for limited periods of time, such warming is regionally variable, 
with some areas of cooling. Climate models only reproduce the observed 20th-
century global mean surface wanning when both anthropogenic and natural forcings 
are included. No model that include natural forcing alone has reproduced the 
observed global mean warming trend or the continental mean wanning trends in the 
individual continents (except Antarctica) over the second half of the 20th century. 
Soden et al. (2005), using a Geophysical Fluid Dynamic Laboratory (GFDL) 
atmospheric model with prescribed observed sea surface temperatures (SST), were 
able to simulate the observed changes, including the upward trend, as well as the 
upper-tropospheric changes in water vapour. They suggested that anthropogenic 
influence has contributed to the observed increase in atmospheric water vapour over 
the oceans, as observed wanning over the global oceans is likely largely 
anthropogenic. 
The increased atmospheric moisture content associated with wanning might be 
expected to lead to increased global mean precipitation. Most coupled Atmospheric-
Ocean General Circulation Models (AOGCMs) show that a global mean surface 
wanning is accompanied by an increase in global precipitation because of the 
increase in evaporation, particularly from the oceans. 
While there is a well-documented rapid rise in global temperature in the last century, 
no clear evidence of long-term change in global precipitation is documented. Global 
annual land mean precipitation showed a small, but uncertain, upward trend over the 
20th century, but the record is characterized by large inter-decadal variability, and 
global annual land mean precipitation shows an insignificant decrease since 1950 
(IPCC, 2007). This uncertainty is probably due to the high spatial and temporal 
variability of precipitation. 
Significant long-term trends in precipitation amounts have been observed in many 
regions. Increased precipitation has been observed in eastern parts of North and 
South America, northern Europe and northern and central Asia. Drying has been 
observed in Sahel, the Mediterranean, southern Africa and parts of southern Asia. 
Model results and observations both suggest that there is an increase in the 
frequency of intense precipitation, and it is largely due to anthropogenic influence. 
Groisman et al. (1999) applied a simple statistical model of daily precipitation to the 
data of eight countries, and find that changes in mean monthly precipitation are 
associated with disproportionately large changes in the extremes. Meehl et al. 
(2005) analyzed a nine member multi-model ensemble to study the impact of 
increased greenhouse gases on precipitation intensity. Model outputs reveal that 
wanner tropical sea surface temperatures with increased greenhouse gases increase 
atmospheric water vapour via evaporation. As a result, both tropical precipitation 
and its intensity will increase. Changes in intense precipitation for three transient 
climate model simulations can also be detected with increasing greenhouse gas 
concentrations (Groisman et al., 2005). The real situation may be even worse as the 
projections of future changes in rainfall extremes in response to anthropogenic 
global warming may be underestimated (Allan and Soden, 2008). 
On the other hand, Dai et al. (1997) analyzed global rain gauge data during the 
period of 1900-88 and apply Empirical Orthogonal Function (EOF) analysis on 
global precipitation fields over land. The first leading EOF is an ENSO-related 
pattern, concentrating mostly in the low latitudes. The second leading EOF is a 
linear increasing trend in global precipitation fields. They conclude that ENSO is the 
single largest cause of global extreme precipitation events. 
Climatological data show that the most intense precipitation occurs in warm regions 
(Easterling et al., 2000) and diagnostic analyses have shown that even without any 
change in total precipitation, higher temperatures lead to a greater proportion of total 
precipitation in heavy and very heavy precipitation events (Karl and Trenberth, 
2003). 
Widespread increases in heavy precipitation events have been observed, even in 
places where total amounts have decreased. The increase in precipitation in the 
United States is reflected primarily in the heavy and extreme daily precipitation 
events. The positive trends in extreme precipitation events are highly significant. 
The proportion of total precipitation derived from extreme and heavy events is 
increasing relative to more moderate events (Karl and Knight, 1998). Despite a 
decrease in mean annual rainfall, an increase in the fraction from heavy events is 
detected for large parts of the Mediterranean (Alpert et al., 2002). Brunetti et al. 
(2004) analyzed a dataset of Italian rainfall over the last 120 years, and find a 
negative trend in wet days and a positive trend in precipitation intensity in the 
northern regions. In Northern Japan, South Africa, Brazil and the northeastern part 
of the USA, an increase in heavy precipitation is also observed, while total 
precipitation and/or the frequency of wet days is either unchanged or decreasing 
(Easterling et al., 2000; Fauchereau et al, 2003; Groisman et al., 2005). 
Besides the increase in intense precipitation, more intense and longer droughts have 
been observed over wider areas since the 1970s, particularly in the tropics and 
subtropics. Increased drying linked with higher temperatures and decreased 
precipitation has contributed to changes in drought. Changes in sea surface 
temperatures, wind patterns and decreased snowpack and snow cover have also been 
linked to droughts. 
Allen and Ingram (2002) suggested that while global annual mean precipitation is 
constrained by the energy budget of the troposphere, extreme precipitation is 
constrained by the atmospheric moisture content, as predicted by the Clausius-
Clapeyron equation. For a given change in temperature, they therefore predicted a 
larger change in extreme precipitation than in mean precipitation. Model results also 
suggested that future changes in precipitation extremes would likely be greater than 
changes in mean precipitation. The greater and spatially more uniform increases in 
heavy precipitation as compared to mean precipitation may allow extreme 
precipitation change to be more robustly detectable (Hegerl et al., 2004). 
2.2 Aerosol-rainfall interactions 
Aerosols are airborne solid or liquid particles, with a typical size between 0.01 and 
10 |xm that reside in the atmosphere for at least several hours. Aerosols may be of 
either natural or anthropogenic origin. A few examples of natural sources are dust, 
sand and sea spray, while the majority of anthropogenic aerosols come from biomass 
burning, transportation and industrial activities. 
Human activities such as biomass burning generate an ample amount of aerosols. 
These aerosols have numerous effects on the climate. Aerosols may influence 
climate in several ways: directly through scattering and absorbing radiation, and 
indirectly by acting as cloud condensation nuclei or modifying the optical properties 
and lifetime of clouds. The impacts of aerosols on human lives are also 
unequivocal. It can cause local air pollution, acid rain and health hazards. 
Aerosols can alter the radiative forcing directly by scattering and absorbing 
radiation. Scattering of radiation causes an atmospheric cooling, while absorption 
leads to an atmospheric warming. For sulfates and other scattering aerosols, light is 
being scattered, thereby causing a cooling effect. For black carbon particles and 
other light-absorbing materials, light is directly absorbed instead of being scattered, 
which results in a heating effect. 
Aerosols also lead to an indirect radiative forcing of the climate system by changing 
cloud microphysics. There are two indirect effects by aerosols. The first indirect 
effect is due to an increase in anthropogenic aerosols. These aerosols can act as 
cloud condensation nuclei, causing an increase in droplet concentration and thus a 
decrease in droplet size for fixed liquid water content. "Brighter" clouds are 
produced as a result of increasing cloud albedo, thus reflecting more solar radiation 
back to space and leading to a climate cooling. It is also known as cloud albedo 
effect or Twomey effect. The second indirect effect is again due to an increase in 
anthropogenic aerosols that causes a decrease in droplet size. Precipitation 
efficiency is reduced and precipitation in polluted clouds is suppressed. At the same 
time, cloud droplets can stay longer in the atmosphere, causing an increase in cloud 
lifetime. Cloudiness increases and more solar radiation is further reflected. This 
effect is also known as cloud lifetime effect or Albrecht effect. 
Aerosols may have a semi-direct effect. Some absorbing aerosols are heated by 
solar radiation, causing an increase in air temperature nearby. It may cause 
evaporation of cloud droplets. 
Unlike greenhouse gases which are long-lived and distributed uniformly over the 
Earth, aerosols show enormous spatial and temporal variations. Aerosols are mainly 
concentrated near the source, but it can also be transported to other regions by 
atmospheric flow. In East Asia, a huge amount of fine soil particles in the deserts of 
Mongolia and northern China are brought up by intense surface winds. These dusts 
are carried by prevailing westerly winds over China to North and South Korea, 
Japan and the far eastern part of Russia. This phenomenon is exacerbated by the 
industrialization and desertification in China. Industrialization produces sulphur 
particles that produce acid rain, and toxic heavy metals such as arsenic and 
cadmium. The dusts can even be transported to Pacific Northwest due to 
intercontinental atmospheric transport and affect the regional precipitation (Fischer 
et al.，2009). 
As the majority of developed regions lie in the Northern Hemisphere, it is clear that 
anthropogenic aerosols will have stronger effects on climate in the Northern 
Hemisphere than in the Southern Hemisphere. However, the climate of the Southern 
Hemisphere can still be affected by that of the Northern Hemisphere. With the 
inclusion of anthropogenic aerosol changes in a global climate model simulation, 
Rotstayn et al. (2007) show an increase in rainfall and cloudiness over Australia 
during 1951-1996 while omission of the aerosol forcing results in decreasing 
rainfall and cloudiness. The simulation results are in agreement with the 
observations. The change in rainfall pattern is primarily due to the massive Asian 
aerosol haze, which alters the meridional temperature and pressure gradients over 
the tropical Indian Ocean, thereby increasing the tendency of monsoonal winds to 
flow toward Australia. 
Anthropogenic aerosols reduce surface solar radiation and thus reduce evaporation 
for a balance. The indirect effects lead to a suppression of precipitation, weakening 
the hydrological cycle and thus offsetting the strengthening induced by greenhouse 
gases (Ramanathan et al.，2001). Roeckner et al. (1999) use a coupled AOGCM to 
study the climate response to changing concentrations of greenhouse gases and 
sulfate aerosols. A decrease in the intensity of the global hydrological cycle is 
observed if both direct and indirect aerosol effects are included in addition to the 
greenhouse gases. 
Direct and indirect effects of aerosols on precipitation can be very different 
depending on the particle properties of aerosols and their interactions with clouds 
and moisture. Sulfate aerosols can induce net cooling, while black carbon can lead 
to net heating (Karl and Trenberth, 2003). As aerosol distribution is highly variable 
spatially and temporally, aerosols' effects on regional climate can be very different. 
A key factor for precipitation is the raindrop formation which depends on the size of 
cloud droplets. Acting as CCN, aerosols directly affect rain system structure and 
properties. Segal et al. (2004) showed that CCN with the radii smaller than 0.01 um 
were not usually activated and did not influence the cloud microphysical structure 
while CCN with the radii larger than 1 [im enhanced both formations of large 
droplets and raindrops. CCN within the intermediate range give rise to droplet 
formation but brings a delay in raindrop formation. These results are in agreement 
with previous investigations (Khain et al., 1999; Yin et al.，2000; Rosenfeld et al.， 
2002; Andreae et al. 2004; and Lohmann et al., 2007). 
As mentioned in the Introduction, rainfall characteristics are worth studying as 
aerosols do not only change the net precipitation but also the cloud properties. It can 
lead to a suppression of light rain and an intensification of heavy rain. 
The impact of aerosols on climate can also be exacerbated by positive feedback 
loops. The main mechanism for cleansing the atmosphere from aerosols is 
deposition by precipitation. The suppression of precipitation by aerosols prolongs 
their atmospheric residence time, further enhancing their impacts. The drier 
conditions due to the suppressed rainfall are conducive to raising more dust and 
smoke from burning of the drier vegetation. 
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CHAPTER 3: LAND-SEA DIFFERENCE IN TROPICAL RAINFALL 
3.1 Introduction 
In this part of our study, the land-sea difference of tropical rainfall is examined using 
two methods: linear trend analysis and Empirical Mode Decomposition (EMD). As 
the aerosol concentration over the land is much higher than that over the ocean, 
rainfall characteristics are examined separately. 
The Global Precipitation Climatological Project (GPCP) pentad (5-day) precipitation 
data at 2.5 degree latitude/longitude grid for the period 1979-2007 is used. It is 
created by merging several observation-based data sets, including the Global 
Telecommunication System (GTS) gauge observations and the estimates inferred 
from satellite observations of Infrared (IR), Outgoing Longwave Radiation (OLR), 
Microwave Sounding Unit (MSU) and Special Sensor Microwave/Imager (SSM/I). 
(Adler et al.，2003) 
The pentad data were binned at 1 mm/day intervals. The first interval, which we 
defined as Bin 1, consists of rain rates between 0 and 1 mm/day; Bin 2 between 1 
and 2 mm/day and so on. Bin 0 is the no-rain bin. Similar to Lau and Wu (2007), 
two annual statistics are examined: accumulated precipitation (AP) and frequency of 
occurrence (FOC). AP is defined as the yearly accumulated (unconditional) rainfall. 
FOC is the fraction of the number of pentad in a particular rain bin to the total 
number of pentad rain rate. The total number of pentad is 252288 per year, which is 
144 (longitude) x 24 (latitude) x 73 (number of pentad per year) over the tropics 




3.2.1 Linear Trend Analysis 
Linear regression analysis is used to analyze linear trends of tropical rainfall for the 
period 1979-2007. Linear regression calculates the statistics for a line by using the 
"least squares" method. A best fit line is returned which best fits the data. 
The equation for the line is: 
y = mx + b (3.1) 
where the dependent 少-value is a function of the independent x-value. The value m is 
a coefficient corresponding to the value x, and ^ is a constant. Here, x represents 
time, and y stands for the rainfall. 
The calculations for m and b are based on the following formulas: 
饥 ( 3 . 2 ) 
b = y-mx (3.3) 
where x and y are sample means. 
The significance of a linear trend is determined by the p-value of the coefficient. A 
two-tailed t-test is used to test the significance. If a trend is statistically significant, 
the value of the trend is significantly different from zero, hence rejecting the null 
hypothesis which implies a zero value of the slope of the regression or no trend. The 
t-statistic here is the value of the coefficient divided by its estimated standard error. 
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3.2.2 Empirical Mode Decomposition 
Most of the spectral analysis methods presently in use are derived from Fourier 
spectral analysis. However, Fourier analysis is only valid for linear, stationary 
systems. Most of the real time series, however, do not satisfy the above conditions. 
The data span may be too short, non-stationary or represent a nonlinear process, 
thereby making Fourier analysis to be of limited use. Fourier spectrum defines 
uniform harmonic components globally, thus requiring additional harmonics, which 
may be spurious, to simulate non-stationary or non-linear data. Furthermore, the 
introduction of these harmonics spreads the energy of the signal out over a wider 
frequency range (Coughlin and Tung, 2004). 
Wavelet analysis is a temporal-frequency analysis method for analyzing non-
stationary signal. It can grasp the main characteristics of the signal, but the wavelet 
results are strongly dependent on the choice of wavelet base (or mother wavelet). 
Thus the results are meaningful only to the selected mother wavelet. Furthermore, 
Morlet wavelet is the wavelet which is most commonly used, but it is Fourier based 
so it also suffers many problems of Fourier spectral analysis aforementioned. 
The Hilbert-Huang Transformation (HHT) Method, on the other hand, is a technique 
of signal decomposition specifically designed for nonlinear, non-stationary 
processes. The HHT computes the frequency content of the signal as a function of 
time with the local timescale determined by the data itself. The HHT not only 
provides a more precise definition of particular events in time-frequency space than 
Fourier and wavelet analysis, but also provides a more physically meaningful 
interpretation of the underlying dynamic processes. Almost all the case studies 
reveal that the HHT gives results much sharper than any of the traditional analysis 
methods in time-frequency-energy representation. Additionally, it reveals true 
physical meanings in many of the data examined (Duffy, 2004; Huang et al., 1999; 
Huang and Shen, 2005). Shi and Luo (2003) show that the energy of the Hilbert 
spectrum is much more concentrated in the definite range of time and frequency than 
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that of the Morlet spectrum. 
The Hilbert-Huang Transform consists of two main parts. The first step is to 
decompose the data into a finite and often small number of Intrinsic Mode Functions 
(IMF) using the Empirical Mode Decomposition (EMD) Method invented by Dr. 
Huang. The second step is to apply the Hilbert transform to the IMF components 
and construct the time-frequency-energy distribution of the signal, designated as the 
Hilbert spectrum. The Hilbert spectrum shows instantaneous frequencies as 
functions of time that give sharp identifications of imbedded structures. 
HHT is more like an algorithm (an empirical approach) that can be applied to a data 
set, rather than a theoretical tool like Fourier Transform. As EMD is data driven, 
IMF can more clearly reflect the intrinsic physical property of original data. EMD is 
based on the local characteristic time scale of the data and is therefore applicable to 
non-linear and non-stationary processes. Furthermore, this method is adaptive and, 
therefore, highly efficient. In our study, only EMD will be applied to study the 
trends and variations of tropical rainfall. 
Empirical Mode Decomposition 
The Empirical Mode Decomposition process decomposes the data into a number of 
intrinsic modes, which may or may not be linear. Each mode has the same number 
of extrema as zero-crossings and the oscillation is symmetric about the local mean. 
Thus, the local symmetry condition is satisfied and the Hilbert transform can be 
meaningfiilly applied. 
An IMF is a function that satisfies two conditions: 
(1) in the whole data set, the number of extrema and the number of zero crossings 
must either be equal or differ at most by one; and 
(2) at any point, the mean value of the envelope defined by the local maxima and 
the envelope defined by the local minima is zero. 
The intrinsic mode functions are generated through a process called sifting. First, all 
14 
A typical value for SD is between 0.2 and 0.3. 
Subtracting out this component from the original data 
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the local extrema in the data are identified. The local maxima and minima are then 
connected by a cubic spline to produce the upper and lower envelope. All of the 
data should be bounded by the envelopes. The mean of these envelopes m^{t) is 
designated and the difference between the data and the mean is calculated. 
h,{t) = X{t)-m,{t) (3.4) 
The existence of low-amplitude riding waves on the data can cause /?,(/) to not 
satisfy the IMF definition. Thus, repeated sifting process should be performed using 
k(t) as the data. 
Repeat this process k times until h^^iO is an IMF 




To guarantee that the IMF components retain enough physical sense of both 
amplitude and frequency modulations, we have to determine a criterion for the 
sifting process to stop. This can be accomplished by limiting the size of the standard 
deviation (SD) computed from the two consecutive sifting results as 
(3.8) ) 
T 
SD = X 
r,{t) = X{t)-c,{t) (3.9) 
leaves a residue, that contains the longer period components. The sifting 
process is applied successively to each subsequent residue until either the 
component c„ or the residue r„ are smaller than a predetermined value or the residue 
A； is a monotonic function from which no more IMF can be extracted. 
The result of the sifting process is that the data has been decomposed into n-
empirical modes and a residue r„，which can either be the mean trend of the data or a 
constant. The first IMF component gives the smallest local variations of the original 
data, and lower average frequencies in the subsequent modes. 
m = t c j i t ) + r„ (3.10) 
3.3 Result 
Linear Trend Analysis 
The difference between tropical land and sea is first examined. Figure 3-1 shows the 
time series of the area average pentad rainfall over the tropics (30°S-30°N) and over 
the globe (90°S-90�N). From the 29 years of pentad data, climatological pentad 
rainfall are compiled, from which departure from the climatological values are 
computed. The departure from the pentad climatology is averaged to give the annual 
anomaly. Figure 3-2 shows the time series of the annual mean rainfall anomalies 
over tropical land and sea, as well as over the whole tropics and the globe. Linear 
regression analyses were performed on these time series. A linear trend is 
considered significant if the slope of the regression is significantly different from 
zero by the two-tailed t-test. Only the overall tropical trend and the tropical oceanic 
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FIG. 3-1. Time series of pentad GPCP mean rainfall from 1979 to 2007 for the 
tropics (blue line, upper curve) and global region (red line, lower curve). The black 
line shows a 30-day (6-pentad) running average. 
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trend are significant. Global rainfall and tropical land rainfall do not give significant 
linear trends. 
Table 3-1 summarizes the results of the trend analyses and shows the fractions of 
no-rain pentad, means and standard deviations of pentad rainfall (unconditional) 
over the tropics. For a set of n{n = 29 for 29 years) observations, the 
mean and the standard deviation are defined by 
1 “ 
n , 
SD = - ^ Z f c - ^ t (3.11) 
The mean rainfall over tropical land is lower than that over tropical sea; however, its 
standard deviation is larger. 




1979 1987 1991 1995 
FIG. 3-2. Time series of annual mean pentad GPCP tropical rainfall anomalies for 
land, sea, and both land and sea. 
Tropics Tropics - Land Tropics - Sea Global 
Mean (mm/day) 2.88 2.74 2.94 2.26 
Standard deviation 0.06 0.11 0.07 0.04 
No-rain fraction 0.16 0.30 0.11 0.23 
Slope (mm/decade) 0.044 0.024 0.051 0.004 
p-value 0.00007 0.35 0.0001 0.59 
TABLE 3-1. Mean, standard deviation, no-rain fraction, slope and the corresponding 
p-value for area average rainfall over tropics, land, sea and global region from 1979 
to 2007. 
The probability distribution functions (PDFs) of AP and FOC as a function of rain 
rate bins over tropical land and sea areas (30°S-30°N) are shown in Figure 3-3. The 
PDFs over ocean is more skewed to the right, showing higher AP and FOC at bins 1-
4 and for bins 14 above. However, at the moderate bins 5-13, AP and FOC are 
higher over land. 
Linear trend analyses were performed for each rain rate bin. Figure 3-4 shows the 
linear trends for each rain rate bin. Only trends that exceed the 95% confidence 
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level are shown. T-tests show that only trends of the first three rain rate bins and a 
few higher rain rate bins for AP are significant over land. Trends of light rain are 
negative while those of heavy rain are positive. Both linear trends at the bin 1 over 
land and sea are significant, i.e. a significant positive trend over sea and a negative 
trend over land. Similarly, for FOC, significant trends are observed for the second 
and third rain rate bins, and at a few higher rain rate bins. For heavy rain, FOC is 
reasonably much lower than that of light rain. To magnify the trends for heavy rain, 
the data at each rain rate bin are normalized by its climatology. Bin 1, bin 15 and 
higher show significant positive trends over the ocean, which is consistent with the 
tropical analysis of Lau and Wu (2007); however, the trends over land are more 
complex. The global land mean is difficult to interpret as it is often made up of 
large regional anomalies of opposite sign (IPCC, 2007). Linear changes of these 
regional anomalies can make the PDF even more difficult to interpret. 
From climatological PDF, it is clear that the rainfall characteristics over sea are 
almost coincident with those over the whole tropics (Lau and Wu, 2007). The sea 
component dominates the pattern over the whole tropics. However, linear trend 
increments of light rain, intermediate rain and heavy rain are even more pronounced 
for the maritime case (see Table 3-2). Following Lau and Wu (2007), we define 
Light rain (B5) as the category of rain at the lowest 5% accumulated rain amount 
(bin 1). Intermediate rain (125) is the rainfall within the inter-quartile range (bin 5-
14) and heavy rain (TIO) is the category of rain at the top 10% accumulated rain 
amount (bin 21 and higher). There is more frequent light rain over sea than over 
land, which leads to more accumulated precipitation at bin 1 over sea. The rain 
frequencies over land and over sea are 0.702 and 0.890 respectively. 
This is in agreement with the result by Baker and Charlson (1990) that continental 
aerosols prevent drizzle formation. Khain et al. (2005) also found higher 
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FIG. 3-3. The climatological PDF for AP (top) and FOC (bottom) (land: solid bar; 
sea: outlined bar). 
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FIG. 3-4. The linear change in PDF over 29 years for AP (top), FOC (middle) and 
normalized FOC (bottom) (land: solid bar; sea: outlined bar). 
B5 125 TIO 
tropics land sea tropics land sea tropics land sea 
Threshold rain rate (mm/day) <1 4-14 >20 
AP (mm) 45.4 29.2 50.8 542.9 590.0 529.7 127.5 85.7 143.5 
Linear change in AP (mm) 3.3* -2.6* 5.3* -48.7* -64.8* 87.0* 19.6* 109.3* 
[Percentage change (%)] [7.3] [-8.9] [10.4] [-9.0] [-12.2] [68.2] [22.9] [76.2] 
FOC (%) 37.7 26.1 41.6 19.7 21.5 19.2 1.3 0.9 1.5 
Linear change in FOC (%) 62* 8.8* -2.0* -2.6* 0.8* 0.2* 1.0* 
[Percentage change (%)] [16.4] [21.2] [-10.2] [-13.5] [61.5] [22.2] [66.7] 
TABLE 3-2. Threshold rain rate, climatological AP, FOC, and linear change over 29 
years averaged over the tropics, land and sea for light (B5, bin 1), intermediate (125, 
bin 5-14), and heavy rain (TIO, bin 21 and higher). Values significant at the 5% 
level are denoted by * and those not exceeding the 90% confidence level are denoted 
by 
Climatologies and linear trends of annual AP and FOC classified by rain categories 
are shown in Figure 3-5 and 3-6 respectively. All trends shown in Figure 3-6 exceed 
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(significant at 90%). AP over land shows a significant decrease in light rain and a 
significant increase in heavy rain. The no-rain frequency over land is about 3 times 
of that over sea. The decrease in FOC over sea in no-rain category implies an 
increase of rain frequency over tropical sea. Increasing occurrence of drought and 
heavy rain are found over tropical land, as observed from the positive trends of FOC 
over land in no-rain and TIO categories. 
B5 125 TIO 
8 Ik 
no 
FIG. 3-5. Climatologies of AP and FOC over tropical land and sea as classified by 




FIG. 3-6. Linear trends of AP and FOC over tropical land and sea as classified by 
rain categories (land: solid bar; sea: outlined bar). 
Hulme et al. (1998) studied precipitation trends over land for the period 1900-1998 
and showed a complex pattern in the tropics. The global precipitation mean over 
land is difficult to interpret as it is often made up of large regional anomalies of 
opposite sign (IPCC, 2007). Likewise, most of the rainfall trends over land are not 
significant here. However, significant trends are observed for the first three rain rate 
bins and a few higher rain rate bins. 
Kumar et al. (2004) use both observed data and data from atmospheric general 
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circulation model simulations to analyze trends in tropical precipitation over the land 
and ocean in the past 50 years. Oceanic precipitation has an increasing trend, 
whereas over the tropical land regions precipitation decreases. From their time-
series (not shown here), precipitation over the tropical land does not show any 
significance increase or decrease, which is consistent with our findings. 
A more interesting point is that bin 1 has opposite trends over land (negative) and 
over sea (positive), both significant at 1% level. A positive trend in heavy rain can 
also be observed over land with statistical significance at 5% level. 
In the Fourth Assessment Report, IPCC stated that the net expected effect of 
aerosols on precipitation over land was especially unclear due to the regional 
influences of aerosols (IPCC, 2007). As the aerosol concentration over land is much 
higher than that over sea, it is worth investigating whether aerosols play a significant 
role in altering tropical rainfall characteristics. 
Empirical Mode Decomposition 
Empirical Mode Decomposition (EMD) is applied to time-series of global rainfall, 
tropical rainfall, and tropical land and ocean. The time-series are decomposed into 
Intrinsic Mode Functions (IMF) following the criteria as mentioned before. Figures 
3-7 to 3-9 show the IMFs of tropical rainfall, tropical land and oceanic rainfall 
respectively. The first IMF is of the highest frequency, while the last IMF 
represents the residue or the linear trend. 
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FIG. 3-7. IMFs of tropical rainfall from 1979 to 2007. 
jfTPP^WWPPI 
FIG. 3-8. IMFs of tropical land rainfall from 1979 to 2007. 
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FIG. 3-9. IMFs of tropical oceanic rainfall from 1979 to 2007. 
For the residue, that is the last IMF, a monotonic increase implies a positive trend 
during the time period, and vice versa. Tropical oceanic rainfall shows a monotonic 
increase in the residue, thus the positive trend over the ocean is significant. 
However, such monotonic change cannot be observed for the tropical land rainfall. 
Thus, inter-decadal variability may exist during the time period, and a longer time 
span of tropical land rainfall data should be studied to examine the variability. The 
residue for the whole tropics records a minimum during 1984-85, and it can be 
explained by considering the contributions from both land and oceanic rainfall. 
By using EMD analysis, a minimum of rainfall is observed during 1984-85 for the 
whole tropics besides the apparent positive trend for the whole time period. Thus, 
this method can capture more details than the linear trend analysis. Moreover, IMFs 
with higher frequencies can be used to study their relations with other atmospheric 
phenomenon, such as El Nino-Southem Oscillation (ENSO) and Madden-Julian 
Oscillation (MJO). However, such analyses are not performed here as it is beyond 
our scope. 
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CHAPTER 4: POSSIBLE RELATION WITH AEROSOLS 
Introduction 
Aerosol-rainfall interaction has been a hot topic in climate change research. 
Aerosols can enhance or suppress rainfall and it depends on many factors, such as 
aerosol type and concentration, moisture availability and atmospheric stability, etc. 
Here, we examine the rainfall characteristics under various aerosol concentrations. 
This is done by classifying the tropical regions with various Aerosol Optical Depth 
(AOD) values. 
Aerosol Optical Depth (AOD) is the degree to which aerosols prevent the 
transmission of light due to aerosol scattering and absorption. The aerosol optical 
depth is defined as the integrated extinction coefficient over a vertical column of 
unit cross section. Extinction coefficient is the fractional depletion of radiance per 
unit path length. 
Besides the classification by AOD values, we will examine the rainfall 
characteristics in high aerosol areas, specifically southeast China, Indo-Gangetic 
plain in India and Sahara desert. 
We will also look at the scaling behaviours of aerosols and rainfall in the high 
aerosol regions as well as the whole tropics, in order to detect any similarity between 
their behaviours. We will apply the Multifractal Detrended Fluctuation Analysis 
(MF-DFA) on aerosol and rainfall data. The data sets used are the daily one-degree 
rainfall from GPCP (Adler et al., 2003) and daily AOD derived from NASA's 
Moderate Resolution Imaging Spectroradiometer (MODIS). Daily rainfall data from 
GPCP is used to increase the sample size and time sampling. GPCP daily rainfall 
dataset starts from October 1996 to present (April 2008). The spatial resolution of 
the data is of 1 degree latitude/longitude grid. For aerosols, MODIS daily AOD data 
are used, and its availability starts from 24 February 2000. AODF data, which 
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stands for Fine-mode AOD is also used to examine if there is any difference in the 
correlation properties of aerosol time series for different sizes. 
4.2 Area division according to Aerosol Optical Depth (AOD) 
As the spatial distribution of aerosols varies substantially over the tropical land area, 
it may be worth studying the rainfall characteristics under various aerosol 
concentrations. To examine the effect of aerosol on the rain rate PDF, the area over 
the tropics is classified by the observed aerosol optical depth (AOD) values. We 
focus on the tropics since this is the area where significant amounts of AOD are 
observed, and the most intense long-term rainfall changes occur in this region (Gu et 
al., 2007). Four-year averaged AOD values retrieved from the 550 nm channel of 
the Moderate Resolution Imaging Spectroradiometer (MODIS) on board NASA's 
Terra satellite are shown in figure 4-1. MODIS daily level-3 data are available from 
the NASA Data and Information Service Center (DISC) Giovanni MODIS 
visualization and Analysis System (MOVAS) at a 1 degree latitude/longitude grid 
since February 2000 [URL: http://g0dup05u.ecs.nasa.gov/GiQvanni/]. 
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FIG. 4-1. Spatial distribution of Terra MODIS Aerosol Optical Depth (AOD) at 550 
nm averaged between February 2000 and January 2004. 
Since the spatial resolutions of GPCP and MODIS datasets are different, a mapping 
procedure is introduced from MODIS data to GPCP data. The original 1 degree 
latitude/longitude grid of MODIS AOD data is mapped into 2.5 degree 
latitude/longitude grid using arithmetic mean. 
The tropics are classified into area masks with various AOD bin values averaged 
over 4 years. The six AOD intervals are 0�0.1，0.1-0.2, 0.2-0.3, 0.3-0.4, 0.4�0.5， 
and > 0.5 respectively. Most of the areas with AOD > 0.5 are situated over land. 
The PDFs of AP and FOC as a function of rain rate for various AOD bin values 
were compiled and the linear trends over 29 years are computed and tested for 
significance. 
Figure 4-2 shows the climatology of AP and FOC PDF as a function of AOD 
categories. The figure show that the light rain and heavy rain categories decrease 
with AOD interval. More rainless occurrence can also be found in high AOD areas, 
which suggests that highly polluted areas experience less occurrence of rainfall. 
Figure 4-3 shows linear trends at each rain rate category. Only trends significant at 
the 95% confidence level are shown. Light rain and heavy rain categories both show 
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positive trends for all AOD categories but with decreasing magnitude. For regions 
with AOD > 0.5, the linear trend of heavy rain is the largest. For AOD < 0.2, 
negative trends are found for no-rain and moderate rain categories. These regions 
are mainly located over the ocean, and the result is coincident with the previous 
analysis before AOD partitioning. 
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FIG. 4-3. Linear change of AP and FOC as classified by rain categories and AOD 
intervals. 
This possibly implies that aerosols suppress light rain in highly polluted areas. For 
high AOD areas, heavy rain shows a more pronounced trend. The strong trend in 
heavy rain may be due to aerosols as it can lead to the formation of intense rain. 
4.3 High aerosol areas 
32 
{ E E } 
# w 
In order to study the relationship between aerosols and rainfall characteristics, we 
focus on areas with AOD > 0.5. Specifically, case studies are carried out in three 
regions, the southeast China, the northern India, and the Sahara desert. The reason 
for carrying out the study over the southeast China is that it is a region with high 
AOD values as well as ample rainfall. Thus the relationship between aerosols and 
rainfall may be clearer to be observed in this region. A high AOD value can also be 
found in northern India, but the aerosol content in northern India is different from 
that of southeast China. Aerosols in southeast China are mainly from air pollution, 
while those in northern India consist of a large portion of black carbon and dust. 
Studies in these two regions may be able to find out the difference in rainfall 
mechanisms affected by different types of aerosols. The AOD data is unavailable in 
the Sahara desert, but its rainfall characteristics are included in the land part of the 
tropics. So it is worth studying the rainfall characteristics over the Saharan area in 
order to know more about the rainfall characteristics over the whole land part. 
4.3.1 Southeast China 
Rainfall characteristics are also studied for the southeast China (20.0-33.0°N; 110.0-
123.0�E) (see Figure 4-4). Figure 4-5 shows the climatological PDF for AP and 
FOC over the southeast China. AP and FOC over the southeast China are both 
higher than those over land and over sea on average. For rain categories, AP and 
FOC show clear increases (statistically significant at 5% level) for heavy rain only. 
The time series of AP and FOC for heavy rain over the southeast China are shown in 
Figure 4-6. 
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FIG. 4-5. The climatological PDF for AP and FOC over the southeast China (AP: 
solid curve; FOC: shaded curve). 
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FIG. 4-4. Spatial distribution of Terra MODIS Aerosol Optical Depth (AOD) at 550 
nm over the southeast China averaged between February 2000 and January 2004. 
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FIG. 4-6. Time series of AP and FOC for heavy rain over the southeast China. 
Easterling et al. (2000) study the linear trend of heavy rain over the southeastern 
China during the period 1951-97, and do not find a statistically significant trend. 
Klein Tank et al. (2006) study the changes in indices of climate extremes recorded 
from 116 meteorological stations in central and south Asia. Most regional indices of 
wet extremes show little change between 1961 and 2000 as a result of low spatial 
trend coherence with mixed positive and negative station trends. In contrast, our 
study shows an increase in heavy rain in the past 30 years. The increase in heavy 
rain may be due to the rapid development in southeast China in recent decades. 
Menon et al. (2002) use a global climate model to investigate possible aerosol 
contributions to the precipitation trends observed in China recent decades. They are 
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able to simulate similar changes as observed if the aerosols include a large 
proportion of absorbing black carbon. Increased precipitation is observed in south 
China. Aerosol Optical Depth (AOD) in the southeastern China shows a significant 
positive trend from 1979 to 2000 (Shi et al., 2008). This may further support the 
role of aerosols in the intensification of heavy rain in southeast China. 
4.3.2 Northern India 
Rainfall characteristics are also studied for the northern India (22.0-35.0°N; 67.0-
90.0°E) (see Figure 4-7). Again, AP and FOC show clear increases (statistically 
significant at 5% level) for heavy rain only. The time series of AP and FOC for 
heavy rain over the northern India are shown in Figure 4-8. 
MODOa M3.005 A«rj 550 nm [unftUa*] 
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FIG. 4-7. Spatial distribution of Terra MODIS Aerosol Optical Depth (AOD) at 550 





FIG. 4-8. Time series of AP and FOC for heavy rain over the northern India. 
Menon et al. (2002) use a global climate model to investigate possible aerosol 
contributions to the precipitation trends observed in India in recent decades. They 
are able to simulate similar changes as observed if the aerosols include a large 
proportion of absorbing black carbon. Ramanathan et al. (2005) were able to 
simulate realistic changes in Indian monsoon rainfall, including the rainfall 
reduction since the 1950s, by including the effects of black carbon aerosol. These 
changes were accompanied by an increase in atmospheric stability and a decrease in 
sea surface temperature gradients in the Northern Indian Ocean. Simply greenhouse 
gases and sulfates do not account for the observed trends in many cases, hence 
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suggesting that atmospheric brown clouds may play an important role in the 
observed changes. 
An idea of "elevated heat pump" is proposed by Lau et al. (2006) on the impact of 
black carbon aerosols on the Indian summer monsoon. The black carbon 
accumulated on the southern slope of the Tibetan Plateau is heated up and elevate, 
thereby drawing in warm and moist air over the Indian subcontinent. This leads to 
an early onset and subsequently an intensification of the Indian summer monsoon. 
An enhanced rainfall is simulated under such scenario. 
4.3.3 Sahara Desert 
The area of the Sahara desert is within 15.0-30.0°N and 18.0°W-58.0°E. Figure 4-9 
shows the time series of annual AP and FOC over the Saharan area. The 
climatologies and linear trends of AP and FOC as a function of rain rate bins over 
the Saharan area are shown in Figure 4-10. The linear change in normalized FOC as 
a function of rain rate bins over the Saharan area is shown in Figure 4-11. Only 
trends that exceed the 95% confidence level are shown. There are significant 
decreases in both AP and FOC for total rainfall, as well as for all rain bins. Unlike 
the climatology of FOC, that of AP shows a different distribution versus rain rate bin 
from the whole land part. AP decreases as the rain rate bin value increases. All 
significant trends of AP and FOC are negative over the past 29 years. The fractional 
decrease in FOC is up to 85% as seen from Figure 4-11. The huge negative trends 
in the first few rain rate bins are responsible for the decrease in the first three rain 
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FIG. 4-10. The climatological mean (solid bar) and linear trends (outlined bar) in 
PDF for AP (top) and FOC (bottom) over the Saharan area. (AP in mm; FOC in %) 
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FIG. 4-11. The linear change in normalized FOC as a function of rain rate bins over 
the Saharan area. 
Dai et al. (2004) find that rainfall decreased substantially across the Sahel from the 
1950s until at least the late 1980s. However, there has been a partial recovery since 
about 1990. In our study, the Saharan rainfall also experiences a recovery around 
1990 but no further increase can be observed later on in recent years. 
Based on a multi-model ensemble of coupled model simulations, Hoerling et al. 
(2006) conclude that the observed drying trend in the Sahel is not consistent with 
simulated internal variability alone. 
Several recent studies have demonstrated that simulations with a range of 
atmospheric models using prescribed observed SSTs are able to reproduce observed 
decadal variations in Sahel rainfall (Bader and Latif, 2003; Giannini et al., 2003; 
Rowell, 2003; Haarsma et al., 2005; Held et al., 2005; Lu and Delworth, 2005; 
Hoerling et al., 2006). However, these studies draw different conclusions on which 
ocean SSTs they find to be most important. 
Rotstayn and Lohmaim (2002) use an atmospheric global climate model coupled to a 
mixed layer ocean model to study changes in tropical rainfall due to the indirect 
effects of anthropogenic sulfate aerosols. It is concluded that the overall sulfate 
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aerosol forcing can lead to a decline in Sahel rainfall. Williams et al. (2001) also 
find a southward shift of tropical rainfall as a response to the indirect effect of 
sulfate aerosol. These results suggest that sulfate aerosol changes may lead to 
reduced wanning of the northern tropical oceans, which may then lead to a decrease 
in Sahel rainfall. 
Mukhopadhyay and Kreycik (2008) use coral data and find that observed variability 
in atmospheric dust loads are most closely related to the aridity of the dust source 
regions in North Africa. 
4.4 Multifractal Detrended Fluctuation Analysis (MF-DFA) 
The MF-DFA methods are the modified version of detrended fluctuation analysis 
(DFA) used to detect multifractal properties of time series. The detrended 
fluctuation analysis (DFA) method has became a widely used technique for the 
determination of (mono)fractal scaling properties and the detection of long range 
correlations in noisy, non-stationary time series. It is a good method for determining 
the scaling behaviour of noisy data in the presence of trends without knowing their 
origin and shape. It has been applied successfully in various meteorological fields, 
such as precipitation, river runoff, temperature, aerosol index and acid deposition 
(Bunde et al., 2002; Koscielny-Bunde et al., 1998; Koscienly-Bunde et al., 2006; 
Eichner et al., 2003; Varotsos et al., 2006; Zhu and Liu, 2003). 
Multifractal detrended fluctuation analysis (MF-DFA) is based on the identification 
of the scaling of the qth-order moments depending on the signal length and is a 
generalization of the standard DFA using only the second moment q = 2. 
MF-DFA procedure consists of five steps. The first three steps are identical to the 
conventional DFA procedure. Suppose that is a series of length N. 
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Step 1. Determine the ‘profile, 
• = 广无 ] (4.1) 
k=\ 
for / = ! , . . . , N. The summation magnifies the non-stationarity nature of the original 
data, degrades the noise level, and transforms the original time series to a new one of 
random walk having the values of the original time series as increments (Varotsos et 
al., 2009). The integrated time series preserves variability characteristics of the 
original time series (Kantelhardt et al., 2002). 
Step 2. Divide the profile 7(0 into 乂 = int(iV/«s) non-overlapping segments of 
equal lengths s. Since the length N of the series is often not a multiple of the 
timescale 5 considered, a short part at the end of the profile may remain. The same 
procedure is repeated starting from the opposite end, in order not to disregard this 
part of the series. As a result, 2 N^  segments are obtained altogether. 
Step 3. Calculate the local trend for each of the 2 N^  segments by a least squares fit 
of the series. Then determine the variance 
= + (4.2) 
for each segment v, v = 1, A^ ,^ and 
F2(s,v) = - t - ( V - + /]-少 V «}2 (4.3) 
for V 二 A^s + 1, . . . , Here, is the fitting polynomial in segment v. 
Besides a linear fit (DFAl), quadratic (DFA2), cubic (DFA3) or higher order 
polynomials can also be used in the fitting procedure. Here, DFAl is used. 
Step 4. Average over all segments to obtain the ^th-order fluctuation function, 
which is defined as 
1 
1 ^ 
^^ s V=1 
(4.4) 
where q^O and 5>m + 2. For q = 2, the standard DFA procedure is retrieved. 
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Steps 2, 3 and 4 are repeated for different timescales 5, in order to see how F^{s) 
varies with the timescale s. 
Step 5. Determine the scaling behaviour of the fluctuation functions by analyzing 
log-log plots of F^(s) versus s for each value of q. The scaling exponent is the 
slope of the data curve. If the series are long range power law correlated, 
increases, for large values of s, as a power law, 
训 〜 产 (4.5) 
For stationary time series, 0<h{q = 2)<\. The exponent./z(2) is identical to the 
well-known Hurst exponent H. For a non-stationary signal, h{q = 2) > 1. In this 
case, H = h{q = 2)- \. The exponent h{q) is known as the generalized Hurst 
exponent. Thus, the value of H varies between 0 and 1. For random data, H = 0.5. 
If 0</ /<0.5, long-range power-law anti-correlations are present (anti-persistence). 
If 0.5 < / / < ! , persistent long-range power-law correlations are present. 
The scaling exponent H indicates the presence of scaling (self-similarity), i.e. the 
fluctuations in small timescales are related to the fluctuations in large timescales in a 
power-law fashion. 
For multifractal time series, h(q) depends on q. For monofractal time series, h{q) is 
independent of q, since the scaling behaviour of the variances F^{s,v) is identical 
for all segments v. For positive values of q, h{q) describes the scaling behaviour of 
segments with large fluctuations. For negative values of q, h{q) describes the 
scaling behaviour of the segments with small fluctuations. 
When applying MF-DFA, we should distinguish the type of multifractality of the 
time series. In general, two different types of multifractality can be distinguished: 
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(i) Multifractality due to a fatness (a broad nature) of the probability density function 
(PDF) of the time series. In this case the multifractality cannot be removed by 
shuffling the series. 
(ii) Multifractality due to different correlations in small and large scale fluctuations. 
In this case the data may have a PDF with finite moments, e.g. a Gaussian 
distribution. 
A shuffling procedure can be applied to the time series to determine the source of 
multifractality. The shuffling of time series destroys the long range correlation, 
therefore if the multifractality belongs only to the long range correlation, we should 
find h^hufi^ ) 二 0.5. The multifractality nature due to the fatness of the PDF signals is 
not affected by the shuffling procedure. If both types of multifractality are present, 
the shuffled series will show weaker multifractality than the original series. 
Results of MF-DFA on the southeast China and the northern India are shown in 
Figures 4-12 and 4-13 respectively. The generalized Hurst exponent h(q) can be 
found by analyzing the log-log plots of F^{s) versus s for each value of q. For 
instance, we investigate fox q = 2 only. 
For southeast China, our investigation shows that there are three crossover 
timescales for rainfall, and they are shown as the intersections of black straight lines 
in Figure 4-12. The crossover timescales divide (5) into four regions. The first 
region spans for timescales between 5 and 16 days with h{q) equals to 0.92. That 
means the process is a stationary and persistent one. The second region spans for 
timescales between 16 and 91 days with h{q) equals to 0.68, which means the 
process is also a stationary and persistent one. The third region spans for timescales 
between 91 and 365 days (1 year). The value of h{q) is 1.27, which implies a non-
stationary and anti-correlated process. The last region has a value of h{q) as 0.12, 
and its timescale covers from 365 days to 630 days. This is a stationary and anti-
correlated process. The switch for the correlation behaviour implies that the 
correlation structure of rainfall fluctuations has different scaling characteristics for 
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finer temporal resolutions when compared to coarser temporal resolutions. Long-
range persistence holds for short timescales (5~91 days) only. 
For AOD and AODF, similar scaling behaviours can be observed in Table 4-1. 
However, there are a few differences. First, AODF has one more crossover 
timescale at about 112 days. Also, for the region between 112 days and 315 days, 
AOD shows a non-stationary anti-persistent behaviour while AODF shows a 
stationary and persistent behaviour. For their common behaviours, long-range 
persistence holds for short timescales (5-112 days), which is similar to that of 
rainfall. The overall h{q) of rainfall and AODF are both about 0.81，while that of 
AOD is about 0.85. Therefore, the fluctuations of AODF versus time is more 
similar to that of rainfall than AOD. 
FIG. 4-12. Log-log plot of F^{s) versus 5 for ^ = 2 in southeast China. 
Parameter Crossover timescale -
lower bound (days) 
Crossover timescale -
upper bound (days) 
Kq) H 
Rainfall 5 16 0.92 0.92 
46 
16 91 0.68 0.68 
91 365 1.27 0.27 
365 630 0.12 0.12 
AOD 5 110 0.91 0.91 
110 316 1.05 0.05 
316 725 0.29 0.29 
AODF 5 18 0.97 0.97 
18 112 0.82 0.82 
112 316 0.97 0.97 
316 725 0.40 0.40 
TABLE 4-1. Scaling behaviours of rainfall and aerosols in southeast China. 
For northern India, our investigation shows that there are three crossover timescales 
for rainfall, and they are shown as the intersections of black straight lines in Figure 
4-13. The crossover timescales divide F^{s) into four regions. The first region 
spans for timescales between 5 and 16 days with h{q) equals to 1.00. That means 
the process is a non-stationary but we cannot tell whether it is persistent or anti-
persistent. The second region spans for timescales between 16 and 45 days with 
h(q) equals to 0.88, which means the process is a stationary and persistent one. The 
third region spans for timescales between 45 and 355 days (about 1 year). The value 
of h{q) is 1.32, which implies a non-stationary and anti-correlated process. The last 
region has a value of h(q) as 0.08, and its timescale covers from 355 days to 1000 
days. This is a stationary and anti-correlated process. The switch for the correlation 
behaviour implies that the correlation structure of rainfall fluctuations has different 
scaling characteristics for finer temporal resolutions when compared to coarser 
temporal resolutions. Long-range persistence holds for moderately short timescales 
(16�45 days) only. 
For AOD and AODF, their crossover timescales do not match each other well (see 
Table 4-2). AOD has one more crossover timescale at about 21 days. For the region 
with shortest timescales, AOD shows a non-stationary anti-persistent behaviour 
while AODF shows a stationary and persistent behaviour. For their common 
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behaviours, long-range persistence does not hold for long timescales (> 40 days), 
which is similar to that of rainfall. The overall h{q) of rainfall and AODF are about 
0.89 and 0.92 respectively, while that of AOD is about 1.05. Therefore, the 
fluctuations of AODF versus time is more similar to that of rainfall than AOD. 
FIG. 4-13. Log-log plot of versus 5 for ^ = 2 in northern India. 
Parameter Crossover timescale -
lower bound (days) 
Crossover timescale -
upper bound (days) 
Kq) H 
Rainfall 5 16 1.00 1.00 
16 45 0.88 0.88 
45 355 1.32 0.32 
355 1000 0.08 0.08 
AOD 5 21 1.13 0.13 
21 55 1.01 0.01 
55 295 1.34 0.34 
295 725 0.29 0.29 
AODF 5 40 0.96 0.96 
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40 407 1.05 0.05 
407 725 0.08 0.08 
TABLE 4-2. Scaling behaviours of rainfall and aerosols in northern India. 
Our results are contradictory to the results of Bunde et al. (2002). They use DFA to 
analyze four daily precipitation records coming from several weather stations around 
the world. They find imcorrelated or weakly correlated behaviour at large time 
spans. The exponents do not show dependence on specific climatic or geographic 
conditions either. Our findings suggest that different mechanisms exist for rainfall 
and aerosols in different regions where each may induce different scaling (see 
Figure 4-14). 
A shuffling procedure can be applied to the time series to determine the source of 
multifractality. From Figure 4-14, it can be observed that the multifractality is 
mainly due to the long range correlation. 
-Rainhll (ECh) 
-RxnftllOmI) 
-Rainfill (ECh) (thuaUd) 
FIG. 4-14. A plot of h{q) versus q for original and shuffled time series of rainfall. 
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CHAPTER 5: CONCLUSION 
We examined the rainfall characteristics of the GPCP pentad data over the GPCP 
global domain and over the tropics separately over land and sea for the period 1979-
2007. The rainfall characteristics over the whole tropics are dominated by those 
over sea. Comparison of the rain rate PDF over land and sea show higher AP over 
land for the moderate rain rate bins 5-12. Linear trend analyses of AP and FOC 
show positive trends for rain rate bins 1 (>0-1 mm/day) and 15 (14-15 mm/day) and 
above. The trends over sea are consistent with the global tropics, with more 
pronounced trends. The trend pattern over land is more complex. Rainfall trends 
over land are not significant except for the first three rain rate bins and a few rain 
rate bins higher than 16. There are opposite trends for bin 1 over land (negative) and 
ocean (positive). In terms of rain category, AP over land shows a significant 
decrease in light rain and a significant increase in heavy rain. Rainfall occurs more 
frequently over tropical sea, as seen from the decrease in FOC for no-rain category. 
Increasing occurrence of drought and heavy rain are found over tropical land, as 
observed from the positive trends of FOC over land in no-rain and TIO categories. 
For climatology, light rain and heavy rain decrease with AOD interval, but there is a 
sudden jump of heavy rain for high AOD areas. Highly polluted areas experience 
less occurrence of rainfall due to the increasing rainless occurrence in high AOD 
areas. Light rain and heavy rain both give positive trends for all AOD categories but 
with decreasing magnitude. For regions with AOD > 0.5, heavy rain has the largest 
linear trend. The results suggest the suppression of light rain by aerosols in highly 
polluted areas and the invigoration of intense rain by aerosols. 
Case studies on rainfall characteristics are carried out in the southeast China, 
northern India and the Sahara desert. For the southeast China and northern India, 
both AP and FOC show apparent increase (statistically significant at 5% level) for 
heavy rain only. However, the role of aerosols in increasing the heavy rain can be 
different in the above two regions. The aerosols are mainly of fine mode in the 
southeast China, while black carbon dominates in the northern India. For southeast 
China, fine mode aerosols can suppress the rainfall and delay the onset of 
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precipitation, and heavy rain can be resulted in the presence of vigorous convection. 
For northern India, black carbon aerosols can heat up nearby air and elevate at the 
southern slope of Tibetan Plateau. Enhanced rainfall can be expected in this 
scenario. For the Saharan area, both AP and FOC for total rainfall show significant 
decrease over the past 29 years. The climatology of AP shows a different 
distribution versus rain rate bin from the whole land part, which is unlike that of 
FOC. AP decreases as the rain rate bin value increases. All significant trends of AP 
and FOC are negative over the past 29 years. The fractional decrease in FOC is up 
to 85%. The huge negative trends in the first few rain rate bins are responsible for 
the decrease in light rain over the whole land area. 
Scaling behaviour of aerosols and rainfall are studied in southeast China and 
northern India. For southeast China, both rainfall and AOD show long-range 
persistence in timescale (short time intervals) from 5 days to about 90 days. 
However, there is no persistence at the longer timescales. For northern India, no 
long-range persistence for long timescales is found for both rainfall and AOD. 
However, their behaviour for shorter timescales are not consistent at all. Different 
scaling exponents are obtained from different regions. This means different 
mechanisms that control rainfall and aerosol exist in different regions. The 
multifractality is mainly due to the long range correlation of the time series. 
Despite different scaling exponents obtained from different regions, the overall 
scaling exponent of rainfall is closer to that of the fine mode AOD than the whole 
AOD. This suggests that fluctuations of fine mode AOD versus time is more similar 
to that of rainfall, i.e. a strong relation between these two parameters versus time. 
However, it cannot be concluded that which one is the cause and which one is the 
effect. 
Some limitations of this study are as follows: 
To examine the relation between aerosol and rainfall, AOD data for the period 
February 2000-January 2004, derived from MODIS are used. This is the period of 
Terra MODIS that coincide with our study period. 
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The number of regional samples decreases as AOD interval increases. Trends may 
become not smooth and insignificant due to inadequate data. 
The spatial and temporal resolutions of GPCP rainfall data and MODIS AOD data 
are different, making it difficult to study the relationship between pollution and 
precipitation. Rainfall variation during the pentad period is unknown for every 
pentad data, so its relationship with daily AOD data cannot be understood. Other 
datasets with higher spatial and temporal resolutions, such as GPCP 1-degree daily 
data and TRMM 3B42 Version 6 data, can be used to increase the sample size as 
well as to study the relationship with aerosols. However, these datasets are available 
from around 1996 only, so long-term trends may be difficult to be observed within 
about a decade. 
Another problem for choosing fine-resolution datasets is the 
distribution. Finer spatial and temporal resolutions may lead to 
occurrence of rain. 
space-time rainfall 
higher frequency of 
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